Abstract. Satellite radar interferometry of Campi Flegrei caldera, Italy, reveals a pattern of subsidence during the period !993-!998. !nterferograms spanning the first half of the observation period (1993-1995) have a lower amplitude and average rate of subsidence than those spanning either the second half (1995-1998) or the entire period (1993-1998), consistent with observations of a slowing down or reversal of subsidence during the first half of the observation period. We calculate a time series of deformation images relative to a reference image on the basis of a least squares inversion. During the observation period the maximum subsidence progresses at a rate of roughly 38 _+ 2 mm/yr, with periods of no apparent subsidence in late 1996 to early 1997. To understand the characteristics of the source, we jointly invert pairs of ascending and descending differential interferograms spanning similar time intervals (first half, second half, or entire interval) of the period 1993-1998. In each case the joint inversion fits the two unwrapped interferograms with a similar subhorizontal rectangular contracting tensile dislocation striking roughly N98øE with dimensions -4 x 2 km and located beneath the city of Pozzuoli at a depth of 2.5-3 km. Inversion for a spheroidal or Mogi point source also produced reasonable fits but with progressively poorer overall fits to the data, respectively. Our inversion assuming a simple source in an elastic half-space does not include the possible effects of local structure on the surface deformation, a factor that may also reduce the need for an asymmetric source. The solution we find is consistent with other studies that suggest subsidence due to hydrothermal diffusion as the primary deformation mechanism during this phase of caldera deflation.
Introduction
Campi Flegrei (Figure 1 ) is a restless caldera located at the western end of the Bay of Naples, Italy [Orsi et al., 1996] . It is a nested caldera formed from two major collapses: the outer rim was formed 37,000 years ago and is related to the Campanian ignimbrite; the inner caldera was formed 12,000 years ago and is associated with the Neopolitan Yellow tuff [Di Vito et al., 1999] . Campi Flegrei caldera has a long history of geodetic measurements [Dvorak and Dzurisin, 1997] of debate. The focus of this debate has been divided among two main issues: first, requirement by simple elastic models that the source of the deformation be < 3 km in depth [Bianchi et al., 1987; Dvorak and Berrino, 1991] , significantly shallower than the seismically inferred depth of 4 km [Ferrucci et al., 1992] , and second, the high internal pressure changes required by simple pressure sources located at > 4 km depth to produce the extremely large uplift observed from 1969 to 1984. Recent work considering the effects of the caldera ring fault structure shows that it has the effect of focusing the deformation relative to sources in homogeneous models at the same depth [De Natale and Pingue, 1993; De Natale et al., 1997; Orsi et al., 1999a] . Such models might explain the uplift deformation, but they still do not explain the subsequent subsidence phase since 1984. Hydrothermal models, in which the overlying groundwater is affected by a pressure increase from the magma chamber below, have been proposed to explain both the uplift phase (with lower pressure increase required to match the observed uplift) and the subsequent subsidence, owing to lateral diffusion of groundwater into the surrounding, less permeable, crust [Dvorak and Berrino, 1991 We use the technique of synthetic aperture radar (SAR) interferometry to measure surface deformation at Campi Flegrei caldera from 1993 to 1998. We compute interferograms over time separations from a few months to 5 years. All interferograms exhibit a similar subsidence pattern roughly centered beneath the city of Pozzuoli, at the center of the caldera. We derive a time series of deformation images through a network adjustment inversion. To understand the source of the observed deformation, we jointly invert pairs of ascending and descending unwrapped interferograms.
SAR Interferometry
Radar interferometry is a recent technique that uses multiple radar images of the same area to calculate topography or surface change over the image area [e.g., Gabriel et al., 1989; Flegrei caldera). We consistently find the same deflationary pattern of interferometric fringes centered on Pozzuoli at the center of the caldera. Interferograms created from tandem ERS-1 and ERS-2 SAR data are "flat," indicating that there was no residual topography resulting from errors in the DEM. Since the topography is low and irregular in the study area, the observed interferometric pattern cannot be attributed to topographic residuals or topographically correlated atmospheric effects [Delacourt et al., 1998 ].
For the time series analysis we used a set of 12 images from descending ERS SAR data ( In order to compute a deformation series we must first adjust each unwrapped interferogram relative to a point of zero deformation. For this purpose we considered a point far from the area of subsidence. In each interferogram the mean value of the unwrapped phase within a square of 0.004 ø around a fixed point was taken as the zero deformation phase value. The accuracy of this constant shift depends on the noise of the points in the square and on any phase biases that might be due to noise in the interferograms caused by atmospheric perturbations, local ground effects, or unwrapping errors.
To estimate phase unwrapping biases we apply a procedure comparing sets of three interferograms composed of linear combinations of SAR images. If we have three images (A, B, and C) forming interferograms AB, AC, and BC, the absolute deformation at a given pixel for all three interferograms should sum to zero. Since the presence of noise will, in general, result in a non-zero sum, a histogram of the phase sums over the entire interferogram shotfid show a maximum at the correct phase shift (Figure 2a) . If the histogram for the phase bias is not zero, then the responsible interferogram(s) is determined by forming different linear combinations of interferograms. We iterated this process until the whole set of interferogram histograms was centered on zero phase bias (Figure 2b ). For the case of descending interferograms in this study, the majority of interferograms were already consistent, with the rest requiring adjustments of only a few millimeters and only one requiring a 1 cm correction. Table 2 and for inversion D in Table 3 aThe position x, y is relative to the center of the data area (Figure 1 ). This corresponds to location for the Mogi source [Mogi, 1958] 
Least Squares

Modeling the Source
We solve for the best fitting volcano deformation source using the Levenberg-Marquardt nonlinear global optimization algorithm [Press et al., 1986] .
While the observed interferograms do not appear axisymmetric, we present results for three source mechanisms: a point pressure source [Mogi, 1958] , a finite dipping prolate spheroidal cavity [Yang et al., 1988] , and a dipping tensile dislocation [Okada, 1985] .
We selected eight interferograms (Plate 2). We jointly invert pairs of interferograms spanning similar time periods and consisting of data from ascending and descending satellite tracks. With InSAR using ERS SAR data and its steep incidence angle (-23ø Table 3 . For all pairs of inverted interferograms we find that a single source provides a good fit to the data. The different interferograms from different time spans all find a similar tensile dislocation solution because of the similarity of the deformation patterns. The solution that is most different from the others (Table 3, 
Discussion
InSAR data from 1992 to 1998 reveal a time series pattern of subsidence that is similar in shape and location to inflation and deflation measured with ground-based geodesy. The temporal •The model letters correspond to the same data pair in Plates 2a-2d, respectively. See Table 2 for parameter explanations.
evolution of this deformation shows a general subsidence at a rate of 38 + 2 mm/yr over the 6 years spanned by this SAR data set. This subsidence was apparently not linear, however, and showed periods of little deformation followed by periods of faster deformation.
We find that a similar Okada deformation source is required for the four pairs of interferograms. Both the shorter time span interferograms and the longest time span interferograms give essentially the same solution. This solution is very similar to the horizontal sill proposed by Dvorak and Berrino [1991 ] to best fit the leveling and trilateration data at Campi Flegrei, both for the uplift and for the subsidence observed during the unrest periods from 1969 to 1989. To best fit the InSAR data, we require a slightly shallower source between 2.5 and 3.0 km depth. This is a significant result since it shows that the deformation pattern has remained the same over periods of both intense large amplitude uplift and during the subsequent period of slower subsidence.
The depth, location, and dimensions of the deflationary source that we find are significantly shallower than the seismically inferred magma chamber located deeper than 4 km [Ferrucci et al., 1992] . Thus, if the subsidence modeled in this study were presumed to be due to deflation of the magma chamber, we would expect a depth deeper than the depth that we find for a homogeneous elastic half-space. One of the important implications of the De Natale et al. [1997] models is the lack of depth resolution for geodetic data in the case where ring faults have a big effect. Our model result of 2.5-3 km does not mean that the solution must be at greater depth if we had considered ring fault structure but simply that we cannot tell whether it is shallower or deeper. Therefore the need for diffusion to explain the subsidence following the uplift is in agreement with the shallower depths that we find in this study.
Whether the source of this subsidence is best modeled as a volume such as the spheroid or as a deflating sill-like region must be evaluated in terms of more sophisticated models that can evaluate the effects of the caldera structure, especially on shallower sources. In addition, pressurized circular cracks (sills) are found to produce a more acute vertical deformation signature compared to either point, spheroidal, or tensile dislocation sources, allowing greater depth for the source [Fialko et al., 2001] . Caldera source models based on geodetic data must take into consideration a considerable number of geometric, mechanical, and temporal effects. We inverted pairs of ascending and descending unwrapped interferograms spanning both long (1993-1998) and shorter time spans covering either the first (1993-1995) or second half (1995-1998) of the period and find the same pattern of deformation and the same deformation source. Assuming an elastic half-space, the best fitting model is for a contracting 4 x 2 km rectangular dislocation at a depth of 2.9 km striking ESE beneath Pozzuoli in the same location previously suggested for past uplift episodes [Dvorak and Berrino, 1991] . This source would most likely represent a zone of deflation due to hydrothermal diffusion.
